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EXECUTIVE SUMMARY

Rangelands (i.e., grasslands, shrublands, savannas, hot and
cold deserts, and tundra) occupy 51% of the terrestrial land sur-
face, contain about 36% of the world’s total carbon in above
and belowground biomass (Solomon et al., 1993), include a
large number of economically important species and ecotypes,
and sustain millions of people. Rangelands support approxi-
mately 50% of the world’s livestock and provide forage for
both domestic and wildlife populations (Briske and
Heitschmidt, 1991).

Doubled-CO, climate-change scenarios provided for IPCC
Working Group II (Greco et al., 1994) were used to analyze the
regional impacts of altered climate regimes on rangeland
resources. Results indicate:

e Rangeland vegetation is found where mean precipita-
tion, temperature, elevation, and latitude interact to
provide sites suitable for herbaceous species, shrubs,
and/or open stands of trees. However, carbon cycling,
productivity, and species composition in any region is
directly related to the highly variable amounts and
seasonal distribution of precipitation and is only sec-
ondarily controlled by other climate variables. Small
changes in the frequency of extreme events may have
disproportionate effects on what managers must cope
with in rangeland systems (High Confidence).

e CO, increases are likely to result in reductions of for-
age quality and palatability because of increasing car-
bon to nitrogen ratios. These effects will be more
common in lower-latitude rangelands where low
nutritional value is already a chronic problem
(Medium Confidence).

Boundaries between rangelands and other biomes are
likely to change with changes of climate: directly,
through climate-driven changes in species composi-
tion, and indirectly, through changes in wildfire
regimes, opportunistic cultivation, or agricultural
release of the less-arid margins of the rangeland terri-
tory. These effects will be more common in the tem-
perate rangelands (High Confidence).

Climatic warming may cause tundra to become a net
source of carbon dioxide. Temperature increases in
the tundra will reduce species richness, especially of
insect-pollinated forbs (Medium Confidence).

The extensive use of rangelands suggests that strate-
gies to reduce greenhouse gas emissions must focus
on maintaining or increasing carbon sequestration
through better soil and vegetation management and
reducing methane by altering animal production sys-
tems (High Confidence).

Human adaptive strategies for coping with climate-
change effects on rangelands include the preservation
of an extensive spatial scale in management units and
the development of viable marketing systems capable
of absorbing opportunistic variations in number and/or
kind and class of animals (Medium Confidence).
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2.1. Introduction: Description of the World’s
Rangeland Resources

Rangelands occupy approximately 51% of the terrestrial sur-
face of the Earth, or 68.5 million km?2 (Lean et al., 1990;
Prentice et al., 1992). Rangelands include unimproved
grasslands, shrublands, savannas, and hot and cold deserts.
For the purposes of this assessment, tundra and improved
pastures are included here, while hot deserts are described in
Chapter 3.

The primary use of rangelands has been and is for grazing by
domestic livestock and wildlife. Rangelands support fifty per-
cent of the world’s livestock (WRI, 1992) and provide forage
for both domestic and wild animal consumption (Briske and
Heitschmidt, 1991). Rangeland management systems vary
from nomadic pastoralism to subsistence farming to commer-
cial ranching. Markets are largely externally driven, with
extensive social systems in contrast to commercial agriculture.
Overgrazing (the result of animal consumption exceeding carry
capacity) has been and is common to rangelands throughout
the world (WRI, 1992).

Most of the forage consumed by domestic livestock (cattle,
sheep, goats, buffalo, and camels) is supplied by rangelands in
Africa and Asia (Table 2-1). Other regions of the world support
many fewer animals from rangeland forage resources.
Numbers and kinds of domestic and wild grazing animals vary
by region.

The distribution of the world’s rangelands falls on continua
from wet to dry, fertile to infertile, and hot to cold (Figure 2-
1). Holdridge (1947) arrayed the world’s vegetation into life
zones based on mean annual growing season temperature (°C),
average annual precipitation, an index of precipitation divided
by potential evapotranspiration (PET), and latitude (Figure 2-
2). Rangelands occupy areas where combinations of tempera-
ture, precipitation, PET, and latitude prevent occupation by
dense stands of trees. Figure 2.2 is a good display of the types
of ecosystems covered in this chapter, although the hot deserts
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are described in more detail in Chapter 3. Holdridge and others
(Walter, 1973; Bailey, 1989; Prentice et al., 1992) recognized
that seasonality of precipitation, soil factors, herbivory, and fire
are additional important factors in determining local vegetation
composition and structure. Interactions between plant-avail-
able moisture and available nutrients also are crucial to range-
land structure and composition (Walker, 1993).

Rangeland ecosystems are diverse (Table 2-2), and stores of
carbon both above and below ground vary by ecosystem type
(Solomon et al., 1993). Carbon (C) stored in the world’s
rangeland vegetation has been estimated by the BIOME 1.1
model at 749.7 Gt (Solomon et al., 1993), although annual net
primary productivity varies widely (Barbour et al., 1987).
Carbon in the world’s rangeland soils has been estimated at
591.6 Gt, or 44% of the world’s total soil carbon (Solomon et
al., 1993). Preindustrial levels of soil C (to 20 cm depth) in
grasslands alone have been estimated at approximately 96 Gt
(Ojima et al., 1993b). Current soil C stocks for these grasslands
(based on Ojima er al., 1993b) are estimated at 81-164 Gt,
based on land-cover estimates of Bailey (1989) minus estimat-
ed land under cultivation in these regions provided by Prentice
et al. (1992).

In rangelands, the amount and timing of precipitation are the
major determinants of community structure and function.
Other driving forces that determine plant community compo-
sition, distribution, and productivity include temperature, fire,
soil type, and herbivory. These driving forces prevent species
senescence and allow for periodic rejuvenation by eliminating
aboveground biomass and organic debris and thereby liberat-
ing nutrients. Most rangelands do not exist in a state of equi-
librium, nor do they exhibit linear successional trends; rather,
they fluctuate from one state to another depending on rain,
fire, grazing, and other anthropogenic factors (Westoby ef al.,
1989; Stafford Smith and Pickup, 1993; Hobbs ef al., 1991;
Stafford Smith, 1994). Most rangelands are nonequilibrial
within the range of climatic conditions that they currently
experience. Underlying trends in climate change may cause
some compositional states to become more likely (e.g., the

Table 2-1: World livestock and their dependence on rangeland resources. Percent of feed from rangeland is an estimate based
on figures for the amount of grain fed to livestock, the assumption is that the rest of the feed source supporting the animals is

from rangeland [World Resources, 1992—1993 (UNEP/UNDP)].

Land Resources (1,000 hectares)

Animal Units (1,000 animals)

Permanent Woodland Sheep, Buffalo, Feed from
Region Pasture or Other Cattle Goats Camel Rangeland
Africa 890,889 1,200,565 183,715 372,038 16,877 82%
North, Central America 368,631 779,838 161,050 33,566 9 35%
South America 447,863 237,792 262,254 134,759 1,190 54%
Asia 694251 1,043,666 389,730 640,938 138,814 84%
Europe 83,177 92,524 124,900 166,023 370 45%
Former Soviet Union 371,500 678,829 118,767 145,588 707 45%
Oceania 436,622 199,523 30,862 223,838 ND 50%

ND = No data.
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Figure 2-1. Distribution of rangeland types using the Holdridge classification system (Holdridge, 1947) as modified by Cramer and
Leemans (1993). Biotemperature is the mean value of all daily mean temperatures above 0°C, divided by 365. The heavy line between Warm
Temperate and Subtropical zones represents the boundary for risk of a killing frost. The demand of plants for moisture is represented by

mean annual precipitation and potential evapotranspiration ratio. The shaded areas are rangeland types discussed in this chapter.

shrub invasion process is hypothesized to be linked to climate
shifts or to grazing in the United States). However, in man-
aged rangeland systems, management is as likely, at present,
to maintain the systems in the desired state. In many areas,
however, poor management of rangelands enhances the
changes likely to be caused by climatic/atmospheric change —
for example, by increasing the ratio of woody to herbaceous
vegetation.

2.2. Climate Variables

2.2.1. Precipitation and Temperature

Among climatic variables, those related to water availability and
water balance appear most influential in controlling the geo-
graphic distributions of rangeland vegetation (Stephenson, 1990)
and production (Rosenzweig, 1968; Webb et al., 1983; Sala et al.,
1988). There is a strong linear relationship between aboveground
net primary productivity (ANPP) and annual precipitation in
rangeland ecosystems (Rutherford, 1980; Webb e al., 1983; Le
Houerou, 1984; Sala et al., 1988; Scholes, 1993), with typically
90% of the variance in primary production accounted for by

annual precipitation (Le Houerou and Hoste, 1977; Webb et al.,
1978; Walter, 1979; Foran et al., 1982; Sala et al., 1988).

Temperature does not account for a significant fraction of the
ANPP variability among years in a particular region (Sala et al.,
1988; Lauenroth and Sala, 1992; Sala et al., 1992). However,
temperature appears to be the major climatic variable controlling
the process of decomposition in grasslands and other rangeland
types (Jenkinson, 1977; Meentemeyer, 1984; Burke et al., 1989).
It has been shown experimentally that decomposition rates
increase rapidly with temperature, provided that there is enough
water (Meentemeyer, 1978, 1984; Schimel, 1988; Holland ef al.,
1992; Ojima et al., 1993a; Parton et al., 1993; Townsend et al.,
1992; Burke et al., 1995a).

Temperature also affects C;/C, species composition of grass-
lands (Sims, 1988) because of differences in optimal growing
conditions (see Chapter A). The distribution (Terri and Stowe,
1976; Tieszen et al., 1979) and seasonal activities of C; and C,
grasses (Kemp and Williams, 1980; Hicks et al., 1990) often
are highly correlated with temperature. This is not necessarily
true for dicotolydenous plants such as legumes, however
(Ehleringer and Field, 1993).
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Figure 2-2: Geographic distribution of the world’s rangelands (Lean et al., 1990; Bailey, 1989; Prentice et al., 1992).

2.22. Effects of Altered Atmospheric CO, Concentrations

on Rangelands

Most research on rangeland plant response to elevated CO, has
focused on responses of individual plants (Bazzaz and
McConnaughay, 1992; Idso and Idso, 1994). A wide range of plant
parameters have been measured (see Chapter A), and as a rule,
studies show that increasing CO, levels increase photosynthesis,
water-use efficiency (WUE), above- and belowground productiv-
ity, and nitrogen-use efficiency (NUE) and decrease stomatal con-
ductance, transpiration, and whole-plant respiration (Wong ef al.,
1979; Kimball, 1983; Webb et al., 1983; Strain and Cure, 1985;
Morison, 1987; Smith et al., 1987; Idso, 1989; Bazzaz, 1990;
Kimball ef al., 1990; Bazzaz and McConnaughay, 1992; Kimball
et al., 1993; Rozema et al., 1993; Zak et al., 1993; Gifford, 1994,
Idso and Idso, 1994; Rogers et al., 1994). For example, controlled-
environment studies have repeatedly demonstrated that growth
and net photosynthesis of C; plants, including woody species such
as Prosopsis glandulosa (Polley et al., 1994), are highly respon-
sive to CO, when it is increased over concentrations representative
of the recent and prehistoric past (Gifford, 1977; Baker et al.,
1990; Allen et al., 1991; Polley et al., 1993a).

Responses to CO, increase are not necessarily consistent
across species or under all environmental conditions. Two

processes—increased photosynthesis and reduced transpira-
tion—typically contribute to the positive influence of CO, on
plant WUE. Atmospheric CO, directly affects the coupling
between climatic water balance and vegetation by altering the
efficiency with which plants use water. The effect of CO, on
water use may be more important in water-limited rangelands
than in moist grassland systems or irrigated agricultural land.
Elevated CO, can result in a slower depletion of soil water in
drought-stricken rangeland grasses where there is no change in
leaf area due to limitations such as nitrogen availability
(Owensby et al., 1993; Campbell et al., 1995a).

Plant responses under variable environmental conditions or in
competitive settings do not necessarily match responses
under steady-state conditions and/or in the absence of com-
petition. That is, results from studies in pots cannot automat-
ically be assumed relevant to plants in native ecosystems (Nie
et al., 1992; Campbell and Grime, 1993; Owensby et al.,
1993; Campbell et al., 1995b). Competitive outcome in
response to elevated CO, can be difficult to predict because of
the feedback between litter quality, soil, and plant production
(Schimel et al., 1991; Bazzaz and McConnaughay, 1992;
Ojima et al., 1993b; Newton et al., 1995). In natural ecosys-
tems, nutrient limitation may influence the response of indi-
vidual species (Billings et al., 1984; Wedin and Tilman, 1990;
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Table 2-2: Major rangeland vegetation types.
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Current C Stores (Gt)

General Climate Above Ground Below Ground

Area

Type (106 km2) Major Characteristics
Cool Semi-Desert 491  Sparse shrubs dominate
Cool Grass Shrub 7.17  Cj grasses dominate,

with or without shrubs
Warm Grass Shrub ~ 9.84  C,4 grasses dominate
Hot Desert 20.70  Shrubs less than

100% cover
Tropical Savanna/  17.18  C,4 grasses/sedges dominate,
Dry Woodland with significant discontinuous

cover of trees and shrubs
Xerophytic Woods/ 10.63  Widely variable woodlands,
Shrubland sclerophyllous shrubs, and

annual grasses
Tundra 11.61  Dominated by herbaceous

species

Cold winters with snow, 3.0 30.7
hard frosts; 50-250 mm
annual precipitation; meets
<28% of demand

Strong summer/winter

peaks in precipitation;
averages 400—1600 mm;
meets 28—-65% of demand
Strong seasonality in
precipitation; dry season of
~5 months; rainfall meets
18-28% of demand

Mild winters; 50-250 mm
precipitation; rainfall meets
<18% of demand

Strong seasonality in
precipitation; rainfall meets
45-80% of demand
Prolonged summer drought
of 2—11 months; rainfall meets
28-45% of demand
Temperatures generally
<10°C; variable precipitation

5.8 709

13.0 87.2

6.3 63.1

78.6 124.8
455 80.9

59 1340

Conroy, 1992; Comins and McMurtrie, 1993), and complex
feedbacks between plant and soil microorganisms may arise
(Diaz et al., 1993). In some studies, soil microbial respiration
rate is greatly enhanced under lower CO, conditions and
reduced under higher CO, conditions in the laboratory
(Koizumi et al., 1991) and in the field (Nakadai et al., 1993).
Experimental doubling of CO, concentration has relatively
little effect on plant growth in Arctic tundra, presumably
because of constraints of low nutrient supply (Tissue and
Oechel, 1987; Grulke et al., 1990). Increased levels of carbon
dioxide may increase individual plant production, but the
effect on whole-ecosystem production is less clear, as
resource augmentation has been shown to decrease species
diversity and differentially affect individual species growth
(favoring pioneer species) (Wedin and Tilman, 1990; Bazzaz,
1993).

Plants grown in CO,-enriched environments tend to have
reduced mineral concentrations (except phosphorus) relative
to those grown at ambient CO, levels (Conroy, 1992;
Overdieck, 1993; Owensby et al., 1993). Decreases in nitro-
gen (N) concentration with elevated CO, have been demon-
strated with a wide array of species (Conroy, 1992; Coleman
et al., 1993; Diaz et al., 1993; Overdieck, 1993). These
changes in mineral concentration in plants make them less
palatable to herbivores and may even influence herbivore
health and production (Fajer et al., 1991). Increased concen-
trations of carbon-based, nonpalatable secondary compounds

could also deter herbivory, although the evidence for this
process is weaker (Ayres, 1993; Diaz, 1995). The influence of
elevated CO, on nutrient cycling must also be considered in
light of potential impacts on litter inputs and litter quality.
Reduced nitrogen concentrations may reduce the rate of
decomposition, thereby slowing nutrient cycling and energy
flow (Bazzaz and Fajer, 1992; Schimel et al., 1994). In addi-
tion, surplus C may be converted to secondary compounds
such as tannins, which decompose slowly.

According to controlled-environment studies, C; plants tend
to be more responsive to CO, than are C, ones (see Chapter
A). This effect is not always sustained at the community
level, however. For example, Owensby et al. (1993) report
that production of a C,-dominated tallgrass prairie increased
when exposed to elevated CO,, apparently as a result of
higher water-use efficiency, but other studies have detected
no effect on production, flowering, or growth rates (Polley
et al., 1994; Korner and Miglietta, 1994). Data from grass-
lands ungrazed for 100 years in Rothamsted, UK, suggest
that rising CO, does not affect herbage yield (Jenkinson et
al., 1994).

Differential species responses to CO, could also have implica-
tions for species assemblages and plant-community dynamics.
Therefore, the outcome of multispecies experiments is not
readily predictable from the behavior of individual species
(Bazzaz, 1992, 1993; Korner, 1993; Diaz, 1995).
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2.2.3. Other Important Trace Gases

The atmospheric concentrations of a number of important trace
gases apart from CO, have increased (Cicerone and Oremland,
1988; TPCC, 1990, 1992), but their effects on rangeland
ecosystems are not clear because they do not directly affect the
rates of ecosystem processes or community dynamics (Mooney
etal., 1987).

A number of factors influence CH,, NO, and N,O emissions
from rangeland ecosystems: deposition of nitrogen, nitrogen
fertilization, changing climate, elevated CO,, ozone influences
on plant production, changing plant community composition,
changing animal populations, and changing land use (Schimel et
al., 1990, 1991; Ojima et al., 1993a; Parton et al., 1994). Many
of these factors are likely to respond non-linearly to climate
changes. Changing precipitation and temperature directly affect
the production of both NO and N,O by regulating microbial
activity (Firestone and Davidson, 1989). With abundant sub-
strate, increasing temperatures generally increase rates of pro-
duction, but changing soil moisture could decrease the rates of
production. With no change in diet, more animals would result
in greater N,O production (Bouwman et al., 1995). However, all
of the other factors listed are likely to change emissions through
regulation of the nitrogen cycle. The greatest increase in emis-
sions will occur when nitrogen supply exceeds plant demand,
because this directly increases the nitrogenous substrates avail-
able for volatilization and leaching.

Many of the factors that influence nitrogen gas emissions also
influence net methane emissions, but the influences are not
necessarily in the same direction. Conversion of forests to pas-
tures, fertilization, and, probably, nitrogen deposition decrease
soil methane consumption (Mosier et al., 1991; Keller et al.,
1993; Ojima et al., 1993a). Any factor that enhances primary
productivity, such as elevated CO,, N deposition, or fertiliza-
tion, is likely to increase methane emissions because methane
production is limited by substrate availability (Whiting and
Chanton, 1993; Dacey er al., 1994; Valentine et al., 1994; King
and Schnell, 1994; Hutsch et al., 1995). The possible extent of
this enhancement is not yet clear. On the other hand, factors
that decrease primary production (and thus CO, uptake) or pH,
like ozone and acid rain, could have the opposite effect (Yavitt
et al., 1993).

Increases in animal populations capable of emitting CH, via
enteric fermentation [currently estimated to be 80 Gt/yr
(Cicerone and Oremland, 1988)] are likely to increase methane
production, but this could be partially offset if diets are
improved through management (Lodman et al., 1993; Ward et
al., 1993). Methane emissions from rangeland ruminants are
largely a function of intake (generally about 80% of the vari-
ance), with feed quality accounting for about 5%. Hence,
increasing intake is likely to dominate the impacts of increased
feed quality. However, in rangelands where feed quality is low,
there is often an intake restriction (Poppi et al., 1981); hence, if
CO, and temperature reduce feed quality, there is likely to be a
tradeoff betweeen reduced intake and increased emissions per
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unit feed. What will happen is that the energy balance in the ani-
mal over the maintenance level will decrease, and the produc-
tivity of the animal will decrease as a consequence—and thus
there will be increased methane emissions per unit product.

Global estimates of NO emissions from soils range from 4-20
Mt of nitrogen annually, representing between 16 and 20% of
the global budget (Davidson, 1991; Yienger and Levy, in
press). Tropical and subtropical savannas contribute almost
40% of the NO produced in soils globally, with temperate
grasslands contributing another 3% (Davidson, 1991). There
are no published estimates of NO production from tundras or
deserts. Temperate grasslands and tropical savannas each con-
tribute between 10 and 25% of the global N,O budget (0.5-2.0
Mt N/yr) (Prather et al., 1995).

Tropical areas that have been converted from forests to pas-
tures due to land-use change contribute a variable proportion to
both the global NO and N,O budgets, with elevated emissions
for many years following conversion, dropping to below orig-
inal emissions after 20 years (Keller et al., 1993). Emissions of
N,O from cattle and feedlots contribute an additional 0.2 to 0.5
Mt N annually. Assuming that N,O emissions from pasture
conversion represents as much as 50% of the emission from
cultivated soils, grasslands and savannas may contribute as
much as 42% of the NO emitted globally (Prather ez al., 1995).

Ammonia (NH,) is a third nitrogen gas species exchanged with
the atmosphere. Ammonia plays an important role in aerosol
formation, which in turn influences radiative transfer and con-
tributes substantially to N deposition. Approximately 50% of
the NH; emitted to the atmosphere is produced by livestock,
much of which is raised on rangelands or in feedlots, with an
additional contribution by emissions from fertilizers (Dentener
and Crutzen, 1994).

2.3. Ecosystem Variables

2.3.1. Herbivory

Grazing and browsing by domestic and wild animals, including
invertebrates, alters the appearance, productivity, and composi-
tion of rangeland plant communities. Herbivores mediate
species abundance and diversity by differential use of plants
commonly susceptible to defoliation (Archer and Smeins, 1991).
The role of herbivory and subsequent impacts on rangeland
structure and function depends in part on the evolutionary histo-
ry of grazing in an ecosystem (Payne and Bryant, 1994).
Herbivory is a disturbance whether the ecosystem has a short
(Milchunas et al., 1988; Milchunas and Lauenroth, 1993) or long
(Hobbs and Huenneke, 1992) evolutionary history of grazing.

Plant species that are well-adapted to the prevailing climate,
soils, and topography may be competitive dominants of a plant
community when herbivore populations are low (Archer, 1994)
but may become subordinates or even face extinction as levels
of herbivory increase (Archer, 1992). Grazing establishes a
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new set of boundary conditions for dominance. Species with
competitive advantage in a moderately grazed system are gen-
erally those that are palatable and have a capacity to sprout
rapidly after being eaten. Nonpalatability becomes a competi-
tive advantage only when grazing is excessive. For example,
excessive herbivory has been shown to favor unpalatable
woody species over graminoids (Archer, 1994). Examples are
available from North America (Archer, 1994), Africa (van
Vegten, 1983; Skarpe, 1990), northern Australia (Lonsdale and
Braithwaite, 1988), and South America (Morello et al., 1971,
Schofield and Bucher, 1986). Browsing herbivores play a key
role in maintaining grasslands, meadows, and savannas, and
they can change closed woodland, thickets, or heathland into
open, grass-dominated systems (Sinclair and Norton-Griffiths,
1979; Berdowski, 1987).

The extent of influence that herbivory has on the structure and
function of a range system depends strongly on interactions
with factors such as previous grazing history, nutrient turnover
rate, fire frequency and intensity, soil moisture, and soil com-
paction. Studies of the interactions of vertebrate grazing with
these and other factors on rangelands have illustrated the
tremendous influence such interactions have on these systems
(Milchunas et al., 1988; Holland and Detling, 1990; Hobbs et
al., 1991; Holland et al., 1992; Seastedt et al., 1991; Parton et
al., 1994; Dyer et al., 1993; Turner et al., 1993). Invertebrate
grazing, a potentially more ubiquitous and chronic factor, has
received less attention but is equally important to the evolu-
tionary and ecological organization of these systems (Evans
and Seastedt, in press).

Climate change and CO, may also interact with grazing effects.
Drought favors the concentration of herbivores at sites with
more reliable water supply and hence leads to overgrazing in
these locations (Heitschmidt and Stuth, 1991; Heady and
Childs, 1994). Increasing CO, will likely result in lower forage
quality because of higher C:N ratios and higher concentration
of unpalatable and/or toxic compounds in plants (Fajer et al.
1989, 1991; Johnson and Lincoln, 1991). Forage consumption
may increase up to a point as a result, because herbivores will
need to eat more to meet nutritional demands (Fajer et al.,
1991)—although the loss of palatability may reduce grazing
pressure on certain species. At present, it is possible to say only
that the overall carrying capacity for herbivores may increase,
decrease, or remain constant, depending on the balance
between eventual increases in productivity and decreases in
nutritional value.

23.2. Fire

Fire has been a factor in the evolution of grasslands and many
other rangelands. Annual net primary productivity is strongly
influenced by both fire and climate (Hulbert, 1969; Old, 1969;
Towne and Owensby, 1984; Abrams et al., 1986; Sala et al.,
1988). Fire alters the structure of grassland vegetation (Knapp,
1984, 1985) and affects nutrient cycling (Raison, 1979;
Kucera, 1981; Risser and Parton, 1982; Ojima et al., 1990;
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Ojima et al., 1994a). Aboveground biomass production in tem-
perate, ungrazed grasslands generally increases following fire
during years with normal precipitation (Towne and Owensby,
1984). This increased production has been attributed to release
of readily available nitrogen and phosphorus from plant mate-
rial, increased nitrogen mineralization rates, enhanced nitrogen
fixation, and altered microclimatic conditions, including
improved light availability (Daubenmire, 1968; Old, 1969;
Raison, 1979; Biederbeck et al., 1980; Knapp and Seastedt,
1986; Hulbert, 1988).

By making N and other nutrients more available to soil
microorganisms, fire may result in enhanced emissions of N,O
from soil (Anderson et al., 1988). Bouwman (1993, 1994) cal-
culated that from the approximately 12 Mt N/yr remaining on
the ground after burning (Crutzen and Andreae, 1990), 20% is
volatilized as NH;, and 1% (0.1 Mt/yr) of the remaining N is
emitted to the atmosphere as N,O (Carras et al., 1994). An esti-
mated 10% of this N is amenable to mitigation. Most of these
emissions are short-term effects, which occur directly follow-
ing fire.

Grasslands subject to annual fires may suffer several long-term
effects, such as decreasing soil organic matter, changes in
species composition, and long-term loss of nitrogen through
volatilization and immobilization (Daubenmire, 1968; Old,
1969; Biederbeck et al., 1980; Kucera, 1981; Risser et al.,
1981; Ojima et al., 1990; Ojima, 1994a). Nitrogen limitation is
a common characteristic of fire-maintained grassland and
rangeland ecosystems (Seastedt et al., 1991).

The influence of climate change on large-scale events, such as
wildfire, can only be inferred. However, the predicted increase in
climate variability has led several authors to suggest that the fre-
quency and severity of wildfires will increase in
grassland/rangeland settings (Graetz et al., 1988; Moore, 1990;
Ottichilo et al., 1991; Cherfas, 1992; Torn and Fried, 1992).

2.3.3. Land Use and Management

Land use differs from other factors influencing rangelands
because of the inherent involvement of human socioeconomic
factors. Human social/economic systems may produce more
change in actively managed rangeland ecosystems than any
other forces of global change (e.g., Burke et al., 1995b). Model
experiments to investigate the feedbacks between land-use
change and the climate system suggest strong links (e.g.,
Dickinson and Henderson-Sellers, 1988).

The most common land-use transformation has been conver-
sion of rangeland to cropland. The pattern of settlement has
had important implications for rangeland transformations
(Reibsame, 1990). Conventional agriculture has essentially
mined many previous rangelands by enhancing decomposition,
reducing soil organic matter, and increasing leaching and ero-
sion (e.g., Bauer and Black, 1981; Burke et al., 1989). The net
result is that soils must now receive heavy doses of fertilizer
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and pH buffers to produce acceptable yields in industrialized
countries.

Land use can dramatically alter C storage and fluxes, and mod-
ification of land-use practices can greatly influence the net flux
of soil C, changing rangelands from a source to a sink for
atmospheric C. Although conversion to small-grain cropping
is not a large deviation from natural grassland ecosystems rel-
ative to albedo (except in periods of bare soil), plant stature,
growing season, and energy fluxes, conversion of grasslands to
cropland can result in a rapid decline in C stores. Up to 50% of
soil C can be lost as a result of conversion from native range-
land to crops (Haas et al., 1957; Cole et al., 1989, 1990; Burke
et al., 1989).

For example, the potential influences of changing land manage-
ment and climate-change effects on C storage of grasslands
were assessed using the Century model (Ojima et al., 1993b;
Parton er al., 1995). Future soil C pools were calculated for a
“regressive management” scenario (i.e., removal of 50% of the
aboveground biomass during grazed months) and a “sustain-
able” scenario [i.e., using moderate grazing and burning
regimes as specified by Ojima et al. (1993b)]. The impact of
“regressive” land management resulted in a loss of soil C in all
regions after 50 years, with the largest losses in the warm grass-
lands. The total net loss relative to current condition was pro-
jected at 10.8 Gt. When this regressive management is com-
pared to the sustainable management system (i.e., light graz-
ing), the net difference is 37.6 Gt of soil C.
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24. Issues of Scale

Scale is a particularly important issue in rangelands because of
the very large size of management units, which is often caused
by low productivity. Thus, rangeland management units incor-
porate spatial heterogeneity, instead of partitioning it as is usu-
ally the case in more intensive agricultural systems (Stafford
Smith and Pickup, 1993). Most grasslands and rangelands are
in climatic regions that are subject to frequent alterations in
essential resource availability. The superimposition of manage-
ment practices such as fire and grazing adds further variation
in resource availability over time. Rangelands are character-
ized by more complex structure and function than other biomes
because controlling factors (i.e., precipitation, energy, nutri-
ents) often fluctuate rapidly over short time periods (Seastedt
and Knapp, 1993). This variability in ecosystem behavior will
lead to complex responses to global change.

The large areas of rangelands and the numbers of livestock they
support play significant roles in biogeochemical and climate
feedbacks. Response to climate change hinges on the variable
scales at which these systems are used, the spatial heterogeneity
incorporated in their management units, and the potentially large
number of species that may interact in the primary production
system (Stafford Smith, 1993). Limitations on production
processes occur diurnally to seasonally through water and nutri-
ent availability and management practices (including grazing
pressure and distribution, fire, fertilizer use, and water manage-
ment). Feedback effects on soils and vegetation composition,

Box 2-1. Impacts of Climate Change on Pastoral Peoples: The Example of Africa

Major shifts in climate—from relatively wet periods to dry periods or droughts—are common in the rangelands of Africa.
Long-term rainfall records and other evidence from Africa’s rangeland areas show that shifting climate dynamics have
prevailed there for at least the last 10,000 years (Nicholson, 1983; Hulme, 1990). Traditional African livestock husbandry
practices have been greatly influenced by the highly variable environment (Ellis and Swift, 1988; Behnke et al., 1993;
Ellis and Galvin, 1994). Because the economy depends directly and indirectly on livestock products, pastoralists have

developed multiple coping mechanisms. Pastoralists cope with climate variability by keeping diverse species of livestock,
by temporary emigration, by maintaining economic diversity, and even by allocating seasonal and drought-induced nutri-

tional stress among stronger community members (Coughenour ef al., 1985; Galvin, 1992; Galvin et al., 1994). This sys-

tem requires extensive land area and external markets.

The pastoralists’ stabilizing strategies have become constrained in this century primarily as a result of an increasing
human population in conjunction with stable or declining livestock populations and decreasing land area. Although much
recent literature suggests that livestock populations are on the increase, abundant data for the arid and semi-arid zones
show otherwise. East African pastoralists have been unable to expand livestock holdings due to such factors as disease
epidemics, recurring droughts, and intertribal raiding (Sandford, 1983; Homewood and Rodgers, 1984; O’Leary, 1984;
Arhem, 1985; Sperling, 1987; McCabe, 1990). In addition, dry-season ranges with more reliable water supply have been
lost to colonial and African agriculturalists, to game parks, and to game conservation areas (Campbell, 1984; Bekure et
al., 1987; Homewood et al., 1987; Little, 1987). Pastoralists also have taken up agriculture in an effort to meet their
increasing food demands. Thus, with increasing population pressure on a declining resource base, there is an expanding
reliance on the marketing of animals. However, African livestock market infrastructure and stability is still in an early
stage of development.

Persistence of the pastoralists’ system in the arid and semi-arid ecosystems of Africa will require a clear understanding of
the nonequilibrium dynamics of these systems and development of additional coping strategies.
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including carbon and nitrogen sequestration, are thus influenced
at seasonal, annual, and decadal temporal scales, but are experi-
enced at landscape spatial scales.

2.5. Extreme Events

Increased frequency and magnitude of extreme events is often
mentioned as a potential characteristic of future global climate
(Easterling, 1990). Because extremes drive rangeland systems
(Griffin and Friedel, 1985; Westoby et al., 1989), small
changes in the frequency of extreme events may have a dis-
proportionate effect on what management must cope with in
these systems. For example, the structure of long-lived peren-
nial communities may change drastically if the frequency of
extremes increases significantly, because seedling establish-
ment and mortality of these plants are highly sensitive to
extremes (Graetz et al., 1988). Both the stability of forage
supply and the balance between temperate and subtropical
species are largely controlled by the frequency of extreme cli-
matic events and thus are subject to change in a CO,-warmed
world (Campbell and Grime, 1993). Individual events (e.g., a
major rainfall event that recharges deep moisture stores) and
extended periods of above- or below-average temperature or
rainfall are both likely to be significant (Stafford Smith and
Morton, 1990).

Rangelands are systems adapted to a wide range in climate, fire
frequencies, and grazing intensities, but anthropogenic frag-
mentation has already affected rangeland systems such that
many systems may be vulnerable to further pressures (Archer,
1994). With the addition of climate change to existing impacts,
rangelands may be more susceptible to extreme events such as
drought, 100-year floods, and insect outbreaks.

2.6. Boundary Changes

Boundaries among rangeland vegetation types and between
rangeland systems and other biomes are likely to change with
changes in climate. Shifting boundaries between plant com-
munity types (the ecotone), potentially in response to past
changes in climate, are well documented in the fossil record
(Solomon and Shugart, 1993). Significant changes in the dis-
tribution of grasslands and arid lands worldwide in response
to climate change are suggested by biogeographical models
(Emanuel er al., 1985; Prentice and Fung, 1990; Prentice et
al., 1992; Neilson, 1993; Henderson-Sellers and McGuffie,
1995). Specific changes in rangeland ecosystem boundaries
will be determined by the nature of climate change, including
the frequency and severity of extreme events. As nonequilib-
rium systems, rangelands may experience structural reorgani-
zation, and individual species may change distribution, but
there probably will not be any synchronized movement of
entire vegetation belts. Land-use change and human interven-
tions will greatly modify the expressions of climate change
and may overwhelm them, particularly in tropical and sub-
tropical areas (Parton et al., 1994).
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Semi-arid and arid ecosystems may be among the first to show the
effects of climate change (OIES, 1991). Their sensitivity to cli-
mate change may be due to the current marginality of soil water
and nutrient reserves. The droughts of the 1930s and the 1950s in
the United States, for example, changed plant production systems
(Weaver and Albertson, 1944; Albertson et al., 1957) and led to
modification of land surface characteristics. Weaver and Albertson
(1944) showed that the distribution of grasslands changed in the
United States, with the shortgrass species moving eastward into
the midgrass prairie and midgrass species moving eastward into
the tallgrass prairie. In addition, these grasslands were invaded by
ruderals (weedy species) and other non-native grasses. In
Australia, the distribution of Heteropogon contortus shifted west
in wet decades and eastward in drier periods (Bisset, 1962).

The balance between herbaceous and woody vegetation is sen-
sitive to climate in most grassland/savanna regions (Parton et
al.,1994). Changes such as replacement of grasses with woody
plants can occur quite quickly (Griffin and Friedel, 1985;
McKeon et al., 1989; Westoby et al., 1989)—within a decade
or so in response to a mixture of reduced grazing, fire suppres-
sion, and climate variability. Fire and grazing regimes, in con-
junction with changes in climate characteristics affecting soil
moisture status, relative humidity, or drought stress, will have
the greatest influence on grassland-woody species boundaries
(Neilson, 1986; Hulbert, 1988; Schlesinger et al., 1990; Hobbs
et al., 1991; Archer et al., 1995).

Mayeux et al. (1991) discuss evidence that open, mostly C,
grasslands worldwide are becoming increasingly populated by
C; woody plants—a process abetted, perhaps, by the 25 to 30%
increase in atmospheric CO, and correlated rise in plant WUE
in the last two centuries. There is ample evidence that C,
woody species have increased in both mesic and arid C, grass-
lands during the historical period of CO, increase. The change
from shrubland to grassland that would be predicted from cli-
matic diagrams as plant water-use efficiency rose, however,
has not been evident. Here, the opposing influence of a possi-
ble change to a warmer, drier climate since industrialization—
perhaps in combination with grazing by domestic livestock
(Hastings and Turner, 1965; Archer et al., 1995)—may have
negated the effects of increased CO, on vegetation structure.

In some regions, warmer temperatures and increased summer
rainfall, with fewer frost days, may facilitate the encroachment
of both annual and perennial subtropical C, grasses (e.g.,
Digitaria sanguinalis, Paspalum dilatatum) into some temperate
C; grassland areas. This would likely cause a depression in for-
age quality and result in a more pronounced warm-season peak
in biomass production, with consequent problems for traditional
livestock systems. The rate of invasion of these and other weed
species is expected to be greatest in more productive grassland
and rangeland systems, with high stocking pressures, high uti-
lization, and consequently greater opportunities for seedling
establishment and invasion in gaps (Campbell and Hay, 1993;
Campbell and Grime, 1993). The invasion rates of C, grasses
may be offset to some extent by increased atmospheric CO, con-
centration (Campbell and Hay, 1993), but the effects are unclear.
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Biogeographical shifts predicted for CO, and temperature
increases are variable, depending on the vegetation classifica-
tion used, general circulation model (GCM) assumptions, and
assumptions about current vegetation distribution and equilib-
rium status (Parton er al., 1994). Recent analyses using
BIOME 1.1 (Prentice et al., 1992) and IMAGE 2.0 (Alcamo,
1994) were compared to determine potential rangeland bound-
ary shifts under different model assumptions (Table 2-3; see
also Chapter 1, Figures 1-3 through 1-7, and Table 1-2).

The results suggest that rangelands are likely to be vulnerable
to biogeographic change and that the areal extent of the
changes may be significant (Table 2-3). Warm grass/shrub
types will likely expand, while tundra ecosystems will most
likely contract. The opposing results occur because of differ-
ences in the definitions of vegetation types, regional variation,
and model assumptions. However, the analysis is instructive.

The direction of carbon-storage changes projected by three
GCM models of climate change do agree quite closely under

Table 2-3: Potential changes in extent of rangeland cover
types from the BIOME 1.1 model (Prentice et al., 1992) and
IMAGE 2.0 (Alcamo, 1994). Numbers are in 100 km? and
are rounded, so numbers do not exactly sum.

BIOME IMAGE 2.0 (TVM)

2 x CO, (GFDL) 2050
Type Bl A2 (3 Bl A2 (3
Cool Semi-Desert 491 261 230 228 228 000
Cool Grass Shrub ~ 7.17 391 321 526 812 285

Warm Grass Shrub  9.84 1792 +8.08 1750 2598 +8.48

Hot Desert* 20.70 2090 +0.199 1690 1646 -044
Tropical Savanna/ 17.18 19.79 +2.61 1146 3.68 -7.79
Dry Woodland

Xerophytic Wood/ 1063 11.89 +1.25 850 469 -381
Shrubland

Tundra 1161 440 -721 1138 1134 -004

Note: This table does not display which vegetation types
specifically change into another vegetation type. Refer to
Figures 1-3 through 1-7 and to Table 1-2 in Chapter 1 for a
graphical display of changes in rangeland boundaries
between types.

Source: Rik Leemans, RIVM, The Netherlands.

I B = Before climate change; numbers vary because of different
assumptions used in the classification of vegetation types
between the models.

2 A = After climate change.

3C = Change in area.

4See Chapter 3.
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climate-change scenarios (Table 2-4). Analyses indicate that
carbon stores are expected to increase in warm grass shrub and
tropical savanna/dry woodland types, partly because these veg-
etation types are expected to expand (Solomon et al., 1993).
Conversely, total carbon stores are likely to decline in the other
major rangeland types.

It is important to compare these impacts to those resulting
directly from human activity (Parton et al., 1994). According
to Burke ef al. (1990), the impact of a 2 x CO,-driven climate-
change scenario on grassland soil C levels in the southern
Great Plains would be an order of magnitude smaller than the
impact of plowing the grassland for crop production. Mosier et
al. (1991) have shown that plowing and fertilization of grass-
lands increases N,O flux by 50% and decreases soil sink
strength for CH, by 50%. These impacts, too, are much larger
than the potential effects of a 2 x CO,-driven climate change
(Burke et al., 1990). While the effects of plowing on soil car-
bon and trace-gas fluxes may be large on a regional basis, the
impact of CO, and climate may be similar on a global average.
The effects of climate and land-use changes combined could
lead to more rapid changes than either would alone.

2.7. Regional Variation

2.7.1. Low-Latitude Regions

Natural tropical grasslands (Box 2-2) are a close second to
tropical forests in extent and may equal them in productivity
(Hall and Scurlock, 1991). Tropical grasslands and savannas
are important as both a source and a sink of C at the regional
and world level. Because of their extent, productivity, and
capacity for above- and belowground biomass accumulation,
the amount of C sequestered is very high (Fisher et al., 1994),
(Tables 2-2 and 2-4). On the other hand, they are frequently
burned and therefore represent a large efflux of C into the
atmosphere. Almost one-fifth of the world’s population lives in
these ecosystems, many in rural societies that depend on sub-
sistence agriculture (Frost et al., 1986).

Extreme events seem to influence the system more strongly
than do average climatic parameters. Highly seasonal water
availability and chronically low soil-nutrient availability
appear to be the most limiting factors (Medina, 1982; Frost et
al., 1986; Solbrig et al., 1992). Natural and anthropogenic fires
are a major and apparently very ancient structuring force. In
some tropical systems, frequent burning does not lead to major
changes or invasion, and the dominants tend to recover fast
(Coutinho, 1982; Farinas and San José, 1987; Lewis et al.,
1990; Medina and Silva, 1990; Silva et al., 1991). In others,
invasion of exotic species is the norm (D’Antonio and
Vitousek, 1993). The effect of climate change on tropical
rangelands will depend on the balance between increasing arid-
ity favoring C, grasses and increasing CO, concentration
favoring C; photosynthesis (Box 2-3). The already low nutri-
tional value of most tropical grassland plants may decrease as
a consequence of increased C:N ratio and because of higher



Rangelands in a Changing Climate: Impacts, Adaptations, and Mitigation

143

Box 2-2. The Northern South America Savanna

Location: Northern South America (Medina, 1986, 1987; Sarmiento, 1983, 1984; Sarmiento and Monasterio, 1983;
Goldstein and Sarmiento, 1987).

Climate: Average daily temperatures ranging from 22°C to more than 35°C; average annual precipitation ranging from
800 to 2000 mm with a strong seasonal distribution, including a dry period of 3—6 months (Medina, 1982; Sarmiento et
al., 1985).

Vegetation: Continuous cover of perennial grasses with a significant discontinuous cover of perennial woody plants
(Medina, 1982; Medina and Silva, 1990).

Probable biological impacts of climate change: An alteration in the amount and pattern of rainfall, the occurrence of
extreme events (e.g., hurricanes, drought), and the El Nifio—Southern Oscillation (ENSO) may alter actual functioning of
savanna ecosystems. The vegetation structure of the ecosystems located at higher altitudes may become similar to those
300-500 m lower in elevation. During ENSO years, precipitation in northern South America is lower (Aceituno, 1988),
increasing the likelihood of drought. Because ENSO events could become more frequent and bring more severe weather

under a doubled-CO, climate, these systems could fail to function as they do now.

production of secondary metabolites in C; plants (Oechel and
Strain, 1985; Fajer et al., 1989). Thus, the carrying capacity for
herbivores may be reduced in this region.

2.7.2. Middle-Latitude Regions

Temperate rangeland systems experience drought stress at
some time during the year, but the degree of drought stress and
its timing vary among regions. The distribution of different
rangeland types is correlated with different climatic patterns,
including the seasonal distribution of mean monthly air tem-
perature and precipitation and the ratio of precipitation to
potential evapotranspiration (e.g., see Boxes 2-4 and 2-5).

Temperate grasslands and associated savannas and shrublands
clearly are vulnerable to climate change. Parton et al. (1993)
highlight three ways in which changing climate might influence

mid-latitude grassland ecosystem function and structure. In
some grassland regions, significant reductions in precipitation
or increases in temperature may accelerate degradation and lead
to the replacement of grassland vegetation by woody species.
Second, soil erosion rates may increase as plant cover decreas-
es, leading to a nearly irreversible loss of productive potential.
Finally, the above transitions are almost always exacerbated by
intense human land use, as occurs in most temperate grassland
and savanna regions (OIES, 1991; Archer et al., 1995).
Degradation can thus occur through both functional (e.g.,
reduced primary productivity) and structural (e.g., perennial-
to-annual vegetation, shrub encroachment) change (see Boxes
2-6 and 2-7).

Nutrient cycling in temperate grasslands is largely driven by cli-
mate. Rates of carbon gain, decomposition, and nutrient cycling
are all sensitive to temperature and moisture (Parton et al., 1987;
Schimel et al., 1990). Soil organic-matter storage —the primary

Table 2-4: Rangeland BIOME 1.1 carbon stocks (in Gt) under three 1994 IPCC (Greco et al., 1994) climate scenarios (Max-
Planck Institute, Geophysical Fluid Dynamics Laboratory, and UK Meteorological Office). Data are from Solomon et al.,

1993; current carbon estimates can be found in Table 2-2.

ECHAM Climate GFDL Climate UKMO Climate
Type AG! BG? Cs3 AG! BG? cs3 AG! BG? Cs3
Cool Semi-Desert 2.1 215  -102 1.7 176  -144 1.5 157  -165
Cool Grass Shrub 4.1 502 -223 32 393 -34.1 24 295 447
Warm Grass Shrub 174 1167 +3338 19.7  132.1  +51.6 225 1503 472
Hot Desert 6.2 62.4 -0.8 6.3 63.5 -59 6.2 61.7 -15
Tropical Savanna/Dry Woodland 759 1204 -7.1 915 1452 +333 99.0 157.1 +52.7
Xerophytic Wood/Shrubland 47.1 839 +4.6 444 79.1 2.8 46.5 827  +2.8
Tundra 44 1008 -34.7 33 760 -60.6 24 552 -822

IAG = Above ground biomass from current climate estimates.
2BG = Below ground biomass from current climate estimates.

3C = Change in total carbon stocks (Gt) from current climate estimates.
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Box 2-3. African Savannas
Location: Nearly continuous distribution in the central African continent (see Figure 2-1).
Climate: Distinct wet (600—1500 mm/yr) and dry (400—800 mm/yr) savannas.

Vegetation: Distinct layers of woody and herbaceous vegetation. In the moist savanna, vegetation is dominated by
broad-leafed trees of the genera Brachystegia and Julbernadia as dominants. Herbivory by large mammals consumes a
relatively small fraction of total primary production (5-10%) due to high concentrations of secondary compounds (main-
ly tannins) and low nitrogen concentrations in the foliage of the woody plants; thus, there is a high fire-fuel load and a
short (1-3 year) fire interval. Dry savanna is dominated by fine-leafed trees (mainly Acacia) and stoloniferous grasses
(Scholes and Walker, 1993). Large mammal herbivory is high (10-50% of total primary production), the fuel load is low,
and the inter-fire interval is relatively long (5+ years).

Probable biological impacts of climate change: The major predicted impact is an increase in the frequency and severi-
ty of drought (McKeon et al., 1993). An increase in the frequency of drought is likely to lead to episodic die-offs of
woody vegetation. This will increase the fire-fuel load and thus potentially increase the frequency and intensity of fires.
The greatest impacts are likely to be in the semi-arid savannas, where human populations depend mainly on pastoralism
(see Box 2-1). Human responses are likely to include increasing the distribution and security of surface water for live-
stock. This is likely to further weaken the grass layer, with acceleration of desertification. One strategy to bolster the pro-
duction of animal protein would be to promote the sustainable use and management of indigenous herbivore species,
especially preferential browsers (giraffe, eland, kudu, impala, etc.), many of which are independent of surface water and
largely do not compete with domestic grazers.
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reserve for nutrients in grasslands—is sensitive to temperature
and generally decreases with increasing temperature. In New
Zealand, research using both spatial analogue (Tate, 1992) and
modeling approaches (Tate et al., 1995) has shown that soil car-
bon could decline by about 5% per °C increase in regional tem-
perature. If temperatures increase in grasslands worldwide, soil
carbon storage is likely to decline (Parton ez al., 1994). Declining
soil carbon would likely lead to nutrient loss in the longterm, and
could lead to degraded hydrological properties and increased

erosion. Losses of soil carbon and increases in temperature could
also lead to higher trace-gas emissions as the soil N-cycle is
accelerated. Thus, carbon storage and nutrient cycling in temper-
ate grasslands could change significantly if climate changes;
indeed, interannual variability in climate is clearly reflected in
observed and modeled production and decomposition. However,
Buol ef al. (1990) showed that, for soils that experience a wide
annual temperature fluctuation, there is no correlation of organic
carbon content to mean annual temperature.

Box 2-4. Rio de la Plata Grassland in South America
Location: Argentine Pampas, the Campos of Uruguay, and Southern Brazil.

Climate: Temperate humid to semi-arid. Mean annual temperature 13—18°C, mean annual minimum temperature <13°C.
Mean annual rainfall 400—1600 mm, evenly distributed over the year in the east, becoming concentrated in spring and
fall in the west (Cane, 1975; Cabrera, 1976; Lemcoff, in Soriano, 1992).

Vegetation: Mostly tall tussock grasses, but perennial grazing lawns are the actual physiognomy. C; and C, grasses,
with the growth of C; and C, grasses segregated temporally (Cabrera, 1976; Arana et al., 1985; Leon, in Soriano, 1992).

Probable biological impacts of climate change: These grasslands are vulnerable to drought. IPCC climate scenarios
(Greco et al., 1994) suggest that mean annual winter (JJA) temperatures may increase 0.5 to 1°C, while mean annual
summer (DJF) temperatures may increase as much as 2°C. Generally summer (DJF) precipitation is expected to decline
from 0-40% by the year 2050, while winter (JJA) precipitation may increase or decrease +20% in the region (Greco et
al., 1994). If these projections are correct, the crop and animal production for the region could drop drastically. During
the 1920s and 1930s, extremely dry conditions caused a shift of agriculture to the east, and the abandoned agricultural

land eroded, with the loss of 60,000 km2 of arable land (Suriano et al., 1992). Unusually dry summers may bring about
some long-lasting changes in community structure (Chaneton et al., 1988; Sala, in Soriano, 1992). The projected changes
may allow C, species to develop earlier in the season, while decreased summer precipitation will likely favor C; species.
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Box 2-5. Mediterranean-Basin Region
Location: Bordering the Mediterranean Sea, stretching 5000 km eastward from the Atlantic coast between 30 and 45°N.

Climate: Transitional between temperate and dry tropical climates, with a distinct summer drought of variable length.
Highly variable annual precipitation.

Vegetation: Evergreen sclerophyllous shrubs that change to heathlands in nutrient-poor soils along an increasing-mois-
ture gradient and into open woodlands and annual grass or dwarf shrub steppes along an increasing-aridity gradient.

Probable biological impacts of climate change: A shift of carbon storage from soil to biomass is likely to occur, with
probable negative effects on soil stability and increased erosion (Ojima et al., 1993b). Mediterranean rangelands are
expected to undergo a 300-500 km poleward extension of grass and dwarf shrub steppes at the expense of the sclero-
phyllous shrubland. In Euro-Mediterranean countries, extension of shrubland as a result of agricultural release is expect-
ed, with a parallel increase in wildfires and evapotranspiration, and a decrease in livestock grazing with increases of
game and other wildlife. In Afro-Asian Mediterranean countries, extension of agriculture and overgrazing in marginal
areas, combined with overall smaller P:PET ratios, will probably lead to further degradation of plant cover and soil loss.

Finally, the balance between herbaceous and woody vegetation
is sensitive to climate in most grassland/savanna regions, and
the productivity and human utility of these systems is very sen-
sitive to this balance (see Boxes 2-5 through 2-8).

2.7.3. High-Latitude Regions

Warming is expected to be most pronounced at the poles
(Spicer and Chapman, 1990; Long and Hutching, 1991). In the
high southern latitudes of South America, annual mean tem-
perature and low and irregularly distributed precipitation
(especially as ice and snow) are the main factors constraining
grassland productivity (Mann, 1966; Sala et al., 1989; Fernandez-
A. et al., 1991). Most Southern Hemisphere high-latitude

grasslands lie to the south of the 13°C isotherm and are com-
posed of C; species. By 2050, virtually all Southern
Hemisphere grasslands might lie to the north of that isotherm;
thus, the area would be more suitable for C, species (R.
Rodriguez and G. Magrin, pers. comm., on the basis of
Deregibus, 1988). This change in species composition would
decrease the nutritional value of the grasslands, further
decrease their carrying capacity, and eventually aggravate the
overgrazing-erosion problem. On the other hand, dominant C,
grasses and shrubs may be promoted by elevated CO,, depend-
ing on water availability, and the increased growth may even-
tually lead to increased production and carrying capacity.

Indirect temperature effects associated with changes in thaw
depth, nutrient availability, and vegetation will cause substantial

Box 2-6. Great Basin of North America
Location: Nevada and rain-shadow parts of Oregon, California, Utah, and Arizona in the United States.

Climate: Continental climate with average annual precipitation averaging 50-250 mm. Snow and hard frost are common
in winter.

Vegetation: The Great Basin desert is dominated by big sagebrush (Artemesia tridentata), although other shrubs domi-
nate on shallow saline soils (Atriplex sp.) or in specific soil complexes. Cover is generally low, varying from 5 to 50%.

Some probable biological impacts of climate change: There are a number of possible vegetation changes that could
occur as a result of IPCC climate-change scenarios. An increase in precipitation during the growing season may increase
the proportion of grasses and forbs over woody plants, which may increase the potential for more frequent fires, further
favoring grasses. Cold conditions with increased precipitation during the winter will likely favor drought-tolerant woody
species (e.g., Artemisia sp.) over herbaceous species. These conditions would also decrease fire frequency, thereby bene-
fiting woody plants over grasses and forbs. Mild, wet winters and dry summers may enhance the spread and dominance
of introduced Eurasian annuals such as cheatgrass (Bromus tectorum) and Russian thistle (Salsola kali). Cheatgrass is a
fire-prone species, and previous work has demonstrated that frequent fire-return intervals occur with cheatgrass domi-
nance (Whisenant, 1990). A decrease in total annual precipitation will likely result in shrub steppe communities shifting
toward desert shrub.
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Box 2-7. European Steppe and Semi-Natural Grassland
Location: Scattered throughout Europe.

Climate: Steppes occupy sites with a continental climate and annual rainfall between 350-500 mm concentrated in the
warm season, but with late-summer drought (Walter, 1968). Semi-natural grasslands occupy a wide range of climates,
with annual rainfall between 400 mm and 2300 mm (Titlyanova et al., 1990).

Vegetation: Steppes are multi-layered communities (Lavrenko and Karamysheva, 1992), with tall bunch grasses (Stipa
sp.), short bunch grasses (Cleistogenes sp., Festuca sp.), and dwarf bunch species (Carex sp., dwarf Stipa sp.); moss lay-
ers are dominant in the northern zone, and ephemeral plants plus lichen layers are dominant in the southern zone. Semi-
natural grasslands are secondary plant communities with a multi-layer structure of grasses and forbs (Rychnovska, 1992).
Floristic diversity provides semi-natural grasslands better potential adaptation to climate fluctuations; belowground bio-
mass and soil aggregation are the main stabilizing factors.

Probable biological impacts of climate change: Increases of 3 + 1.5°C within the next century as projected in current
scenarios (Greco et al., 1994), could cause a 250-300 km northern displacement of phytoclimatic boundaries (Anderson,
1991) with a substantial reduction of tundra, mires, and permafrost areas and a parallel expansion of grassland and grain
cropping into the southern margin of boreal forest zones in Europe. In addition, changes in the concentration of atmos-
pheric gases may alter the competitive relationships in the plant community. For example, indirect competitive effects
have been reported in southern Britain (Evans and Ashmore, 1992), where above-normal ozone concentrations caused a
decrease in the biomass of upper-layer dominant grasses with a parallel increase in lower-layer forb biomass by reducing

Rangelands in a Changing Climate: Impacts, Adaptations, and Mitigation

competition for light.

changes in Arctic species composition, litter quality, and nutri-
ent availability (Chapin and Shaver, 1985; Oberbauer and
Oechel, 1989; Kielland, 1990; Marion et al., 1991; Nadelhoffer
etal., 1991; Havstrom et al., 1993; Wookey et al., 1993; Chapin
et al., 1995). Increased nutrient availability increases shrub
abundance and decreases the abundance of mosses, an impor-
tant soil insulator (Chapin et al., 1995).

The changes in biotic interactions that will occur with climatic
warming are poorly known. Field experiments of <10 years
duration, simulating a 3°C warming, show an increase in shrub
abundance and a decline in species richness (Chapin et al.,
1995). Insect-pollinated forbs are expected to decline—sug-
gesting that insect pollinators (Williams and Batzli, 1982) and
migrating caribou, which utilize these forbs during lactation,
could be adversely affected (White and Trudell, 1980). Warmer
summers also increase insect harassment of caribou and cause
declines in feeding and summer energy reserves. In contrast,
browsing mammals, such as snowshoe hare and moose, may
benefit from climatic warming because an increase in shrubs
will increase fire frequency and lead to an increase in the pro-
portion of early-successional vegetation.

The presence of trees at high latitudes may be determined more
by soil temperature than by air temperature (Murray, 1980), so
expected warming of soils and increase in thaw depth could
have a strong influence on treeline location. Simulation mod-
els suggest that conversion of boreal forest to a treeless land-
scape would increase winter albedo, reduce energy absorption,
and cause a 6°C decrease in regional temperature (Bonan et al.,
1992). Conversely, we expect treeline advance to provide a
strong positive feedback to regional and global warming.

Regional warming and treeline advance are expected to
increase fire frequency, directly releasing CO, stored in peat to
the atmosphere. Current predictions (Anderson, 1991) indicate
that the tundra may change from being a sink to a source of C,
with a net flux to the atmosphere of about 100 g C/m-2/yr. This
study also projected that about 15% of C storages in soils of
peats, tundra, and boreal forests could be released over the next
50 years. Recent work suggests soil drying over the past
decade (Maxwell, 1992) has already changed the Alaskan tun-
dra from a net sink to a net source of CO, (Anderson, 1991;
Oechel et al., 1993; Zimov et al., 1993a, 1993b).

2.8. Modeling Rangeland Ecosystem Response

Several models are currently used to predict rangeland
response to climate change and land use. While most global-
scale models are correlational —such as those based on the
Holdridge Life Zone classification scheme (e.g., Emanuel et
al., 1985)—there are many regional-scale models of ecosystem
dynamics in rangelands (e.g., Century: Parton et al., 1987,
1988, 1994; GEMS: Hunt et al., 1991; GRASS: Coughenour,
1984; Hurley model: Thornley and Verbene, 1989; Thornley et
al., 1991; SPUR: Hanson et al., 1993; STEPPE: Coffin and
Lauenroth, 1990; GRASP: McKeon et al., 1990).

These models generally show that when a variety of direction-
al climate change scenarios are imposed on rangeland ecosys-
tems, such as in Century model simulations, effects are
detectable but small on a per-unit-area basis relative to changes
induced by management activities (Burke et al., 1989)—
although climate effects are more substantial globally (Parton
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Box 2-8. Australian Tussock Grassland and Steppe
Location: Alluvial plains running southwest from the eastern half of the continent.

Climate: There is an enormous climatic gradient across the continent, from 100—200 mm median annual rainfall in the
central part of the region—distributed throughout the year at random, without seasonality —to 800-900 mm along the
northern and southern borders, the former concentrated in summer and the latter in winter as a Mediterranean-type cli-
mate. In the south, there are a significant number of frosts; winter rains are usually gentle and associated with frontal
systems passing around the South Pole. In the north, there is no frost, and rains are often monsoonal and very heavy.
Occasionally, northern cyclonic incursions may reach the south, bringing the heaviest rainfall events. Rainfall variability
is very high—increasing toward the equator and as annual totals decline—and is greatly affected by ENSO and other cli-
matic systems driven by sea surface temperatures in the Pacific and Indian oceans.

Vegetation: A complex range of communities, including monsoon tallgrass (Schizachyrium sp.), subtropical and tropical
tallgrass (Heteropogon contortus), tussock and midgrass (Astrebla sp., Aristida sp., Bothriochloa sp.), hummock grass-
lands (Spinifex sp.), acacia and eucalyptus shrublands and woodlands, temperate grasslands (Themeda triandra,
Danthonia sp.), annual grasslands (Echinochloa sp.), and chenopod shrublands (Atriplex sp., Maireana sp.).

Probable biological impacts of climate change: Scenarios of future climate (Greco et al., 1994) suggest increased
variability and unpredictability in productivity and community composition in the region (McKeon and Howden, 1991;
Stafford Smith ez al., 1995). A shift toward summer rainfall will have a major effect in southern Australia, where vegeta-
tion is currently dominated by winter rainfall (Stafford Smith et al., 1995). Although it is unlikely that mean climatic
conditions will move outside their envelope of current possible conditions, extreme drought periods, high intensity rain-
falls, and water distribution could become more common (Whetton, 1993; Stafford Smith ef al., 1995).

et al., 1995). A recent intercomparison of several of these mod-
els showed that the degree to which forests invade grasslands
or vice versa depends on the GCM climate scenario used
(VEMAP Participants, 1995).

These models, plus recent global-scale mechanistic models,
have been used to evaluate the outcome of various manage-
ment schemes, including fire, grazing, and strip-mine reclama-
tion (e.g., de Ridder er al., 1982; Coughenour, 1984, 1991;
Coffin and Lauenroth, 1990; Ellis et al., 1990; Agren et al.,
1991; Hunt et al., 1991; Holland et al., 1992; Hanson et al.,
1993; Ojima et al., 1994b). They have also been used to assess
potential impacts of various climate scenarios on plant produc-
tivity and nutrient cycling (e.g., BIOME-BGC: Running and
Hunt, 1993; Century: Parton et al., 1987, 1992, 1994; SPUR:
Hanson et al., 1993; TEM: McGuire et al., 1992).

Results from tests of rangeland sensitivity to climate and man-
agement using these models support previous discussion of the
importance of seasonality and distribution of rainfall, and sug-
gest that rangelands are sensitive to changes in environmental
conditions associated with fire and grazing as well as their
land-use history.

29. Human Adaptation

By the time there is a detectable rise in mean temperature of a
degree or two, pastoral societies may already have begun to
adapt to the change. Adaptation may be more problematic in
some pastoral systems where production is very sensitive to

climatic change, technology change is risky (Caceres, 1993),
and the rate of adoption of new technology is slow. Decreases
in rangeland productivity would result in a decline in overall
contribution of the livestock industry to national economies.
This would have serious implications for the food policies of
many underdeveloped countries and on the lives of thousands
of pastoral peoples.

Intervention—in terms of active selection of plant species and
controlled animal stocking rates—is the most promising man-
agement activity to lessen the negative impact of future climate
scenarios on rangelands. Proper rangeland management,
including sustainable yield and use of good-condition areas
while marginal or poor condition areas are allowed to rest, will
become increasingly necessary under climatic conditions pro-
jected for the future. A shift in reliance toward more suitable
and more intensively managed land areas for food and fiber
production could have the dual benefits of greater reliability in
food production and lesser detrimental impact of extreme cli-
matic events such as drought on rangeland systems.
Improvement and intensification of management of certain
areas of rangeland may also have the additional benefit of
reducing average methane emissions per head of livestock
because of improved feed quality.

One management option for the future is to actively change
species composition of selected rangelands. Legume-based
grassland systems may become more important in the future
because legumes reduce the reliance on fertilizer inputs and
improve the nutritive value of forage. The use of leguminous
species is important as a means of producing more-sustainable
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forage systems (Riveros, 1993). Legume species generally
show larger yield responses to elevated CO, than do grasses at
warm temperatures and also show enhanced nitrogen-fixation
rates (Crush et al., 1993; Newton et al., 1994; Campbell et al.,
1995a). The benefits of leguminous species could be offset to
some extent by future increases in damaging UV-B radiation
(Caldwell et al., 1989), because legumes may be quite suscep-
tible to UV-B relative to other species (Krupa and Kickert,
1989; Brown, 1994). However, the effects are uncertain at pre-
sent because there are only limited experimental data available
on the effects of future UV-B radiation levels on forage and
rangeland legumes.

In some grass-dominated rangeland systems, improved pas-
tures may help people to adapt livestock grazing strategies. In
these systems, there is significant intervention—including
selection of forage type, selective animal breeding, pasture
renewal, irrigation, and other practices (Campbell and Stafford
Smith, 1993). This intervention provides opportunities for gra-
ziers to adapt systems so they are protected against negative
effects of global change and so that any potential benefits are
realized. McKeon et al. (1993) developed a scheme for adapt-
ing rangelands to climate change by linking management deci-
sions to climate variability.

2.10. Mitigation

Opportunities for reducing greenhouse gas (GHG) emissions
on rangelands (Table 2-5) include maintaining or increasing
carbon sequestration through better soil management (Ojima et
al., 1994b), reducing methane production by altering animal-
management practices (Cicerone and Oremland, 1988;
Howden et al., 1994), and using sustainable agriculture prac-
tices on rangelands capable of sustaining agriculture (Mosier et
al., 1991).

Productivity and carbon cycling in rangeland ecosystems are
directly related to the amounts and seasonal distribution of pre-
cipitation and are only secondarily controlled by other climate
variables and atmospheric chemistry (Sampson et al., 1993). In
fact, rangeland productivity may vary as much as fivefold
because of timing and amounts of precipitation (Walker, 1993).

Carbon storage in grasslands, savannas, and deserts is primarily
below ground (Table 2-2). Estimates using the BIOME model
(Solomon et al., 1993) suggest that in the world’s rangelands
approximately 595 Gt C is stored in belowground biomass (44%
of the world’s total), while only about 158 Gt is stored in range-
land aboveground biomass. Thus, good soil management is the
key to keeping or increasing C storage and protecting rangeland
health (condition). Improving rangeland health, and thus the
amount and kind of vegetation, will also reduce methane emis-
sion from ruminant animals per unit product by improving the
quality of their diet. Total methane emissions from the grazing
system will decrease only if there are commensurate reductions
in animal numbers in the less-resilient parts of the grazing land-
scape however (Howden et al., 1994).
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Nonsustainable land-use practices such as inappropriate plow-
ing, overgrazing by domestic animals, and excessive fuelwood
use are root causes of degradation of rangeland ecosystems
(Ojima et al., 1993b; Sampson et al., 1993). Some systems
may already be degraded to such an extent that the ability of
the ecosystem to recover under better management practices
will be greatly hampered. Practices listed in Table 2-5 may
prove to be useful in GHG mitigation. None of the practices is
relevant for every country, social system, or rangeland type.
Unfortunately, because of the high dependence of rangeland
function on adequate amounts and timing of rainfall, none of
these practices is likely to significantly improve rangeland
function and carbon sequestration without adequate rainfall
(Heady, 1988; McKeon er al., 1989).

Reduction of animal numbers. Reduction of animal numbers
can increase carbon storage through better plant cover (e.g.,
Ash et al., 1995) and decrease methane emissions. This prac-
tice can have a positive ecosystem effect if there is sufficient
rainfall, but reduction in animal numbers on rangelands may
require alternative sources of food for humans, and thus
changes in national and/or regional food-production policies.

Changing the mix of animals. Changing the mix of animals on
a given rangeland area can increase carbon storage and
decrease methane emissions, but the benefit derived depends
on the kind of rangeland and the proposed mix of animals. If a
country is considering only cattle and small stock (sheep,
goats, etc.), the mix may not be ecologically efficient; rather, it
may reflect an economic risk aversion—in bad times, cattle die
but goats survive. In this kind of grazing mix, the ecosystem
may deteriorate. In contrast, a mix of cattle and wildlife rumi-
nants may be both ecologically and economically efficient.

Changing animal distribution. Changing animal distribution
through salt placement, development of water sources, or fenc-
ing can increase carbon sequestration through small increases
in plant cover overall and improved status of the root system
(due to less intense grazing). None of the changes in animal
distribution, however, is expected to affect methane produc-
tion. Animal-management practices will be specific to local
and regional production systems; for example, fencing and/or
placement of salt may not be useful in herding systems and
may potentially interfere with wildlife migration. Costs and
practices will vary widely by region.

Agroforestry. In regions where woody species and grasses
coexist (Boxes 2-2, 2-3, 2-5, and 2-8), management practices
to enhance both woody and herbaceous productivity may
increase carbon storage and reduce methane emissions per unit
product from domestic and wild ruminants, by improving the
quality of the diet.

Watershed-scale projects. Practices involving the development
of dams with large-scale water-storage capacity may improve
long-term carbon storage and reduce animal methane produc-
tion per unit product, by improving the quality of the diet
through improved animal-management options and improved
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Table 2-5: Practices (mitigation options) to improve rangeland condition or health, and to reduce GHG emissions on range-
lands. Possible effects of implementing each practice are listed for two greenhouse gases, and qualitative cost/benefits esti-
mates are provided. Unhealthy, poor-condition rangelands are those lands where soil loss, plant species and cover loss,
species invasions, and interrupted and poorly functioning nutrient cycling are the norm. Good condition, healthy rangelands,
on the other hand, have nutrient cycling and energy flows intact, soils are not eroding; and plant species composition and pro-

ductivity is indicative of a functioning ecosystem (NRC, 1994).

Not Biophysical  Soc./Cultural Economic General

Practice Healthy Healthy Carbon Methane Benefit/Cost  Benefit/Cost  Benefit/Cost Comments
Reduce No Yes Increases Reduces Increases Dependson ~ Depends on May require
animal carbon sink animal plant cover, country and  the value of  changes in
numbers because of methane increases value of livestock national and/or

increasing production soil organic animalsasa  products to regional food

vegetation through matter, and social national and/  production

cover and reduction improves resource or local policies

better root in total productivity economy

growth number
Change Yes Yes Possible Change to Potential Dependson  Dependson  Positive effect in
mix of increase in native changes in country and  the value of  general; improves
animals carbon sink herbivores plant species  cultural value  livestock efficiency of

with change  reduces composition  of specific products utilization

in plant emissions in animal type

species some cases
Alter animal  Yes Yes Increases Feed Useless in Appropriate  Cost and Positive; not
distribution carbon sink supplements  rangeland in countries distribution applicable for
by placing because of may areas already ~ where of salt and herding systems
salt licks or increasing decrease high in salt, animals supplements
feed vegetation methane but very useful graze exten-
supplements cover production in rangelands  sively, rather

overall low in N,P than herded
Alter animal ~ Yes Yes Potentially No effect Developed May affect Motorized Negative impacts
distribution increases water territorial water sources  if used to increase
by placing carbon resources and property  often too numbers of
water sink by may not be boundaries costly to animals
resources increasing sustainable purchase or

total maintain

vegetation

cover
Alter animal No Yes Increases No effect Benefit is Depends on ~ Varies, Potentially
distribution carbon sink to control country and  depending interferes
by placing because of domestic livestock/ on country with
fences vegetation animal wildlife and source wildlife

cover number and  system and kind of migration

overall distribution materials
Provide Yes Yes If supplement  Decrease in May reduce  Possible Cost of protein  Potentially
livestock increases methane extensive where blocks or difficult to
protein and intake (usual  production, grazing to animals are similar distribute to
phosphorus case) and especially some degree  herded supplement,  local areas
supplement stocking rate  CH, per but often large

is not reduced,
soil carbon
may decline

unit product

increases in
productivity
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Table 2-5 continued
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Not Biophysical  Soc./Cultural Economic General
Practice Healthy Healthy Carbon Methane Benefit/Cost  Benefit/Cost Benefit/Cost Comments
Increase No Yes Increases Possible Benefit in Local people  Depends on Potential unknown
native carbon sink methane retention of rely on the value of  benefits from
grasses because of reduction if native species native species livestock and  native species;
and/or increasing quality of for gene for medicine  wildlife adapted species
plant- vegetation diet increases, conservation  and other products,and  survive over the
adapted cover but animals health-related  the value of  long term
species overall eat more goods herbal medicine
Selective No Possibly Potentially Potential Cost if Cost if Varies, Costs or benefits
application increases increase if non-target non-target depending depend on
of carbon sink,  animal species species on country meeting of
herbicides although not  numbers affected: affected: and source management
if woody expand water water of herbicide ~ goals
species pollution, pollution,
removed damage to damage to
food chain food chain,
removal of
firewood
source
Mechanical No Possibly Potentially Potential Potential for ~ May not fit Varies with Benefits depend
treatment or increases increase if large-scale pastoral country, on success of
restoration carbon sink animal alteration of ~ system depending on  treatment relative
numbers soil and availability to disruption of
expand vegetation of equipment  ecosystem
Plant If appropriate Increases No known Benefit with  Benefit with  Cost of Brings into
halophytes carbon sink effect increased increasing planting and  production
(salt-tolerant and increases plant cover forage maintaining  otherwise non-
species) productivity and production with productive land
productivity ~ for livestock  irrigation
and wildlife
Apply Yes Yes Increases Possible In systems Use of fire Threat of Short-term
prescribed carbon sink methane adapted to can be part wildfire and  increase in CO,
fire and increases  reduction per  fire, can of social destruction of  to atmosphere;
productivity in unit product  increase system; uses  human long-term
the long term by increasing  productivity  local resources benefits in
on appropriate quality of diet and maintain ~ knowledge adapted systems
rangeland types nutrient
cycling
Implement Yes Yes Increases Possible Possible Potential Cost of Increases carbon
agroforestry carbon sink methane benefit with ~ benefit with  plantingand  storage in trees;
systems and increases  reduction per  increased change in maintaining  benefit in
productivity in unit product  plant cover, grass/browse diversity and
the long term by increasing  diversity, and ~ forage mix productivity if
on appropriate quality of diet productivity  for livestock adapted species
rangeland types and wildlife are used
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Table 2-5 continued
Not Biophysical  Soc./Cultural Economic General
Practice Healthy Healthy Carbon Methane Benefit/Cost  Benefit/Cost  Benefit/Cost Comments
Develop Possibly Possibly  Increases Methane Potential for ~ Potential for ~ Cost of dams, Potential for
large-scale carbon sink reduction by  large land improved etc.; benefit of increased human
watershed and increases  increasing disturbance,  food hydroelectric ~ and animal
projects productivity  quality of with benefit to production, power populations
diet human and both plant because of

animal and animal increase in water

populations availability

because of

regulated

and regular

water supply

food-production systems. However, such projects are expen-
sive and can result in social and cultural dislocation, local
extinction of wildlife, and may result in increases in both
human and animal population density.

Although rangelands have been used historically for livestock
production for meat, wool, hides, milk, blood, and/or pharma-
ceuticals, policymakers must realize that an equally important
objective for maintaining rangelands may be to maximize the
number of domestic animals as a social resource (e.g., in some
tribal cultures, wives are bought with livestock). Rangelands
also are increasingly affected by human activities for mineral
production, construction materials, fuel, and chemicals.
Additionally, rangelands provide habitat for wildlife, threat-
ened and endangered species, anthropological sites, eco-
tourism, and recreational activities. As the human population
grows, rangelands also incur increased demand for marginal
agriculture production. All of these activities and uses poten-
tially affect rangeland condition—and thus the potential of the
ecosystem to sequester carbon.

Using the practices in Table 2-5 requires the recognition that
productivity on rangelands is variable and that vegetation and
animal response to changes in livestock numbers is not linear.
Futhermore, there are system lags, and management activities
may result in largely irreversible changes in the rangeland sys-
tem. Risk-management strategies include long-term low stock-
ing or changing animal numbers annually to track variation in
precipitation (McKeon et al., 1993). Either approach requires
flexible management response to different events, opportuni-
ties, and hazards and whole-system analyses in which the inter-
actions of climate, land management, fire, and plant and animal
species and communities will determine the outcome.

2.11. Research Needs

We need to know more about the C and N storage capacity of
soils under different conditions of degradation and under dif-
ferent land uses and land management, as well as the potential

for increased sequestration of C, especially in whole-system
analyses. More information is needed regarding the actual
release rates of various greenhouse gases in real environments,
across the spectrum of climates, soils, and land uses (rather
than the current measurements just from a few points) and land
management. Our lack of ability to track plant responses with-
in growing season also affects our ability to accurately estimate
rapid changes in greenhouse gas fluxes and remains a major
gap in our ability to link management practices with global cli-
mate-change issues.

Rangeland research on climate-change effects should empha-
size multispecies field experiments. The concept of functional
groups might be a way to cope with the overwhelming species
diversity of most rangelands, especially grasslands. Models
that incorporate nonequilibrium theory in grassland and range-
land ecosystem response would be most useful.

Rangeland research emphasis should be on multidisciplinary
projects in which different components (e.g., vegetation, soil,
herbivores) and various approaches (e.g., conservation, econom-
ic sustainability) are simultaneously considered. Maintenance of
long-term monitoring sites is essential for understanding bound-
ary changes (especially C5/C,, shrub/grass boundaries), as well
as fire, herbivory, and land-use affects on rangeland productivi-
ty and diversity. Along with monitoring, there needs to be an
ongoing analysis of the results and review of monitoring meth-
ods and criteria.

Information on various aspects of climate, community struc-
ture and function, and land use needs to be standardized.

At a national level, scientists and policymakers must better
understand the implications of land use for global-change
issues, because land use and management feeds into global
change as well as being influenced by it. The interaction
between human population growth and rangeland use must
also be better understood. Land use will change in the future as
a result of altered climatic extremes (especially those in rain-
fall and temperature), decreased productivity and soil fertility,
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and possibly socioeconomic changes spurred by adaptation and
mitigation requirements.

Interfacing research on global change effects on agroecosys-
tems with those on rangeland systems would be helpful in that
it would promote access to a greater range of databases and
models. The International Geosphere Biosphere Programme
(IGBP)—Global Change and Terrestrial Ecosystems (GCTE)
Project Task 3.1.3 (Pastures and Rangelands) (Campbell and
Stafford Smith, 1993; Stafford Smith er al., 1995) is combin-
ing the research efforts of grassland scientists in improved pas-
tures and rangeland systems to predict global-change effects on
the whole spectrum of different grassland types, taking into
account future land-use change.

Finally, detailed analyses of the potential biological effects of
climate change in terms of rangeland boundaries, coupled with
an economic assessment of potential effects on pastoral peo-
ples and national economies, will improve future assessments
of impact, adaptation, and mitigation potentials on rangelands.
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